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We derive an analytic equation for a ratiometric wavelength measurement system and analyze the
influence of the optical source signal bandwidth. Our investigation shows that in a particular optical
sensing system, the higher the bandwidth of the optical signal, the better resolution the system will
achieve. Experiments based on two types of optical signals (output signal of a tunable laser and a fiber
Bragg grating) were carried out, and experimental results verified both the simulation results and the
theoretical analysis. © 2010 Optical Society of America
OCIS codes: 060.2370, 060.3735.

1. Introduction

Wavelength measurements are very important in
many optical systems, such as dense wavelength division multiplexing optical communication systems
and sensing systems [1–7]. Ratiometric wavelength
measurement (RWM) is a simple, high-speed, and
cost effective technique compared to wavelength
scanning based active techniques [8–13]. Previous
investigations on RWM systems were based only on
numerical simulations without an analytical formulation, which cannot provide a straightforward analysis for the ratiometric system [12,13]. Moreover,
these investigations on the impact of the nature of
the input optical signal have been limited to SNR,
but without considering the impact of optical source
signal bandwidth, which influences the ratio response of the ratiometric wavelength system and
hence the resolution of the measurement.
This paper derives an analytical equation for the
ratio response in a RWM system and provides an
analysis of the effect of an optical signal bandwidth
on the ratio response based on the analytical equation. This analysis is verified by both simulation
0003-6935/10/295626-06$15.00/0
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and experimental results. In Section 2, a theoretical
analysis of the ratio response is presented and an
analytical equation for the ratiometric system is
provided based on a rectangular optical signal. In
Section 3, numerical simulations were carried out
to verify the theoretical analysis. Experimental verification is also reported using two types of optical
source signals: the signal from a tunable laser and
the signal reflected from the fiber Bragg grating
(FBG).
2. Theoretical Analysis

A RWM system normally comprises two arms: one is
a reference arm; the other is a signal arm containing
an edge filter. The schematic diagram is shown in
Fig. 1.
Two photodiodes are placed at the ends of each arm
to measure the optical power and, hence, the power
ratio of the system. In such a system, assuming the
splitter is wavelength independent and provides an
equal input to the two arms, the ratio of the outputs
of the two photodiodes at a wavelength λ0 can be
expressed as
R

I λ0 ðλÞTðλÞdλ þ N e
R
Rðλ0 Þ ¼ −10 log10
;
ð1Þ
I λ0 ðλÞdλ þ N r

Substituting Eqs. (2) and (3) into Eq. (6), we have Eq.
(7):

Fig. 1. Schematic diagram of a ratiometric wavelength measurement system.

where I λ0 ðλÞ is the input power spectral density and
TðλÞ is the transmission response of the edge filter.
In this formula, to represent the electrical noise resulting from optoelectronic conversion, an equivalent
optical signal level is used, which has both a fixed
component and a random component, to represent
both the photodiode dark current and shot noise,
respectively. The terms N e and N r represent the
equivalent noise of the photodiodes connected to
the edge filter and reference signal arms, respectively.
A simple case for the transmission response of the
edge filter, TðλÞ, in the wavelength range from λ10 to
λ20 is a linear function as expressed below:



 10 Þ þ Tðλ20 Þ − Tðλ10 Þ ðλ − λ10 Þ
TðλÞ
¼ Tðλ
λ20 − λ10
 10 Þ þ mðλ − λ10 Þ;
¼ Tðλ

ð2Þ

ð3Þ

In practice, the input signal has a limited signalto-noise ratio (SNR). The simplest case is to assume
that the input optical signal has a rectangular spectrum, which can be expressed as

I λ0 ðλÞ ¼

P
Ns

jλ − λ0 j ≤ Δλ0 =2
jλ − λ0 j > Δλ0 =2


SNR ¼ −10 log10

λ1 ≤ λ ≤ λ2
;
λ1 ≤ λ ≤ λ2


Ns
;
P

ð4Þ

ð5Þ

where P is the signal peak power spectral density,
N s is the noise power spectral density of the optical
signal in a wavelength range (λ1 ≤ λ ≤ λ2 ), and Δλ0 is
the bandwidth of the rectangular signal spectrum.
Substituting Eq. (4) in Eq. (1), we have

Rðλ0 Þ ¼ −10 log10

þ 10log10 ðCÞ

ð7Þ

where
10ð10mΔλ0 =20 − 10−mΔλ0 =20 Þ
;
m ln 10

ð8Þ

10ð10−mλ1 =10 − 10−mλ2 =10 Þ mλ0 =10
10
;
m ln 10

ð9Þ

A¼

B¼

C ¼ Δλ0 þ

where m is the slope of the edge filter, and

TðλÞ
¼ −10 log10 ½TðλÞ:



Tðλ0 Þ½PA − N s A þ N s B þ N e =Tðλ0 Þ
Rðλ0 Þ ¼ −10log10
PC


Ns
Ns
Ne

¼ Tðλ0 Þ − 10log10 A − A þ B þ
P
P
PTðλ0 Þ

N s ðλ2 − λ1 − Δλ0 Þ N r
:
þ
P
P

We can assume that in a ratiometric system the
minimum reliably detectable ratio variation is
limited by the peak-to-peak ratio fluctuations ΔRp–p
induced by noise. If the slope of the ratio response of
a system is Sðλ0 Þ ¼ dRðλ0 Þ=dλ0 , then the system
resolution is equal to
Dðλ0 Þ ¼

0

0

ΔRp-p
:
Sðλ0 Þ

ð11Þ

Based on the equations above, three cases were
studied:
1. Both photodiode and optical source are noise
free.
In an ideal situation (the SNR of the signal is very
high, and the photodiodes are noise free), the ratio
response of the wavelength measurement system
in Eq. (7) can be simplified as
 0 Þ − 10 log10 ðAÞ þ 10 log10 ðΔλ0 Þ:
Rðλ0 Þ ¼ Tðλ

ð12Þ

Equation (12) shows that the slope of the ratio
Rðλ0 Þ is identical to the slope of the transmission re 0 Þ. There is a difference
sponse of the edge filter Tðλ

8

R λ0 þΔλ0 =2
R
R λ0 −Δλ0 =2
>
>
>
P
TðλÞdλ
þ
N
TðλÞdλ þ λλ2 þΔλ
< λ −Δλ =2
s
λ
>
>
>
:

ð10Þ

1

0

PΔλ0 þ N s ðλ2 − λ1 − Δλ0 Þ þ N r

9
>
>
TðλÞdλ þ N e >
=
0 =2


>
>
>
;

:
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term −10 log10 ðAÞ þ 10 log10 ðΔλ0 Þ, but for a particular optical sensing system, where the bandwidth Δλ0
is known, the difference term −10log10 ðAÞ þ
10log10 ðΔλ0 Þ is a constant value and, therefore, can
be calibrated out in the system. In this case the system ratio is a simple function of the slope of the edge
filter. From Eqs. (2) and (11), it is easy to determine
that the higher the slope of the edge filter, the higher
the value of Sðλ0 Þ, and the higher the resolution of
the system.
2. Photodiode is noise free but SNR is limited.
If the photodiodes are noise free but the noise level
of the optical signal is significant, the ratio function
and slope of the ratio response can be expressed as
follows:


Ns
Ns

Rðλ0 Þ ¼ Tðλ0 Þ − 10 log10 A −
Aþ
B
P
P
þ 10 log10 ðCÞ;

Sðλ0 Þ ¼ m −

N s B=P
m:
A − N s A=P þ N s B=P

ð13Þ

ð14Þ

To simplify the analysis we assume that m is a positive number. From Eqs. (8) and (9) it can be seen
that the second term in Eq. (14) is a function of
wavelength. At shorter wavelengths, the value of
N s B=P is much smaller than that of A. In this case,
the slope Sðλ0 Þ is approximately equal to m. However,
factor B increases sharply as the wavelength λ0
moves toward longer wavelengths. As the wavelength increases and N s B=P is comparable to that
of A, the term
N s B=P
m
A − N s A=P þ N s B=P
can no longer be neglected. In this case as the wavelength increases, the slope Sðλ0 Þ decreases and,
hence, the resolution of the system decreases. It also
can be shown from Eq. (14) that for a given SNR, the
higher the bandwidth Δλ0 , the larger the value A,
and, hence, the smaller the value
N s B=P
m
A − N s A=P þ N s B=P
and, hence, the higher the slope Sðλ0 Þ. This indicates
that for an optical source signal with the same SNR
but a higher bandwidth, the effective slope Sðλ0 Þ,
and, hence, the resolution of the measurement system, will be higher.
3. Noise of both photodiode and optical signal is
significant.
If the noise of both the photodiodes and the optical
signal is significant, the slope of the ratio of the
system is
5628
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Sðλ0 Þ ¼ m −

1

Ne
A þ NPs B þ PTðλ
0Þ



Þ
Ns
N e Tðλ
0
Bþ
10 10 m:
×
P
P

A−

Ns
P

ð15Þ

Because the noise of both the photodiodes and the
Ne
optical signal is significant, both B and PTðλ
are in0Þ
fluenced by the wavelength. At shorter wavelengths,
both N s B=P and NPe 10
A. The term


Tðλ
0Þ
10

are very small compared to

1



Ne
A − NPs A þ NPs B þ PTðλ
0Þ



Tðλ
Ns
N
0Þ
B þ e 10 10 m
P
P

can thus be treated as zero and, hence, the slope
Sðλ0 Þ is approximately equal to m. As the wavelength

Tðλ
0Þ

increases, the values of both N s B=P and NPe 10 10 increase dramatically. If the value of either N s B=P or
Ne
PTðλ0 Þ is comparable to A, the term
1
Ne
A − NPs A þ NPs B þ PTðλ
0Þ





Ns
N e Tðλ
0Þ
10
Bþ
10
m
P
P

cannot be neglected. In this case, as the wavelength
increases, the slope Sðλ0 Þ decreases and, hence, the
resolution of the system decreases. A consequence
is that optical sources that have a larger bandwidth
will suffer less from resolution degradation because,
as shown in Eq. (15), a larger bandwidth will mean a
larger value of A, thus decreasing the influence of
Ne
N s B=P or PTðλ
.
0Þ
3. Numerical Simulations

The analysis above was based on a rectangular signal
spectrum, and it gives us a simple but effective
insight into the influence of the optical signal bandwidth Δλ0 on the Rðλ0 Þ and Sðλ0 Þ in a real ratiometric
system. In practice, optical signals rarely have a
rectangular power spectral density, and it must be
determined whether the analysis based on a rectangular signal spectrum is suitable for a real optical
signal spectrum such as a Gaussian signal spectrum.
In order to do so, simulation investigations were
carried out using the original Eq. (1).
As illustrated in [14], the laser line shape changes
from Lorentzian to Gaussian in a continuous way as
the correlation time of the frequency fluctuations increases from zero to infinity. In our case, we deal with
the output spectral response of a tunable laser as a
Gaussian source signal

 2 

0
jλ − λ0 j ≤ Ω λ1 ≤ λ ≤ λ2
P exp −4 ln 2 λ−λ
Δλ0
I λ0 ðλÞ ¼
;
Ns
jλ − λ0 j > Ω λ1 ≤ λ ≤ λ2
ð16Þ

Fig. 2. (Color online) Measured spectral responses of a tunable
laser.

where P is the peak power spectral density, λ0 and
Δλ0 are the center wavelength, and −3 dB spectral
width of the optical signal, respectively, and Ω is determined by the optical signal with a given level of
noise which can be expressed as


 
Ω 2
N
exp −4 ln 2
¼ s:
P
Δλ0

ð17Þ

Fig. 4. (Color online) Ratio slope response variations versus
optical bandwidth at 1560 nm.

In our simulations, we used parameters of a real
tunable laser source radiating in a wavelength
range from 1480 to 1620 nm. Several examples of
the power spectral density spectra at different wavelengths are shown in Fig. 2. These spectra were measured with an optical spectrum analyzer (OSA),
which has a resolution of 0:01 nm, and the −3 dB
spectral width of the tunable laser was around
0:05 nm, while the maximum output of the tunable
laser was 0 dBm.
Simulations based on both rectangular and Gaussian signal spectra were carried out for comparison.
Simulation results relating to the influence of bandwidth Δλ0 are shown in Fig. 3. In the simulation, we
assume the input signal of the tunable laser has a
56 dB SNR over a wavelength range from 1480 to
1620 nm. The peak power spectral density is 0 dBm=
nm, and the inherent noise of both photodiodes is taken to be equivalent to a random optical input signal
with a mean level of −95 dBm and a 5 dB peak noise
fluctuation. We assume zero insertion loss for the
edge filter at 1500 nm.
In the first instance, Fig. 3 shows that there is
no significant difference between the ratio calculated
for a rectangular signal spectrum with Eq. (7) and a
Gaussian signal spectrum with Eq. (1). This indicates that the theoretical analysis above is still
applicable to a Gaussian signal spectrum.
Figure 3 also shows that for a given SNR, the larger the −3 dB bandwidth Δλ0 , the closer the ratio
 0 Þ, and the larger the slope Sðλ0 Þ espeRðλ0 Þ is to Tðλ
cially at a longer wavelength. The influence of the
signal bandwidth is more significant when the slope
of the edge filter is high, as shown in Fig. 3(a) with a
40 dB discrimination from 1500 nm to 1600 nm.
Table 1.

Fig. 3. (Color online) Transmission response of edge filters and
corresponding ratios for input optical signals with different Δλ0
when the slope of the edge filter m equals (a) 0:4 dB=nm and
(b) 0:2 dB=nm.

Signal-to-Noise Ratio and 3 dB Bandwidth Values for
the Two Optical Sources

Optical Sources
Tunable laser
FBG

SNR

3 dB Bandwidth (nm)

56
40

0.05
0.4–0.8
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Fig. 5. (Color online) Measured spectral responses of five FBGs.

Figure 4 gives simulation results for the ratio slope
response variations versus optical bandwidth of the
input optical signal at a fixed wavelength. In this simulation, the parameters used are the same as
above, and the wavelength selected is 1560 nm.
Figure 4 shows that for both the Gaussian and rectangular signal, as the optical signal bandwidth increases, the slope and, hence, the resolution of the
system increases. This result indicates that the ratiometric system will have a higher resolution when
measuring the wavelength of an optical signal with
a greater bandwidth. The simulation results agree
well with the theoretical analysis above.
4. Experimental Investigation

The influence of the 3 dB bandwidth of an optical signal was investigated by measuring the ratio response
using two types of optical sources. The two types of
optical sources are (i) a tunable laser and (ii) five
FBGs with center wavelengths at approximately
1530, 1540, 1550, 1560, and 1571 nm driven by a
broadband optical source. The output signal of the
tunable laser has noise distribution around a center
wavelength λ0 over a fixed range from 1480 nm to
1620 nm, as shown in Fig. 2. The FBGs have a
−3 dB bandwidth 0:4–0:8 nm. The 3 dB bandwidths
and SNR values for the two optical sources are listed

Fig. 6. (Color online) Measured transmission responses of the
edge filters and corresponding system ratios.
5630
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in Table 1, and the measured spectral response of the
FBGs using an OSA is shown in Fig. 5.
Because of the fact that the five FBGs have center
wavelengths of 1530, 1540, 1550, 1560, and 1571 nm,
the experiments were carried out over a wavelength
range from 1530 nm to 1571 nm only. Experimental
results are shown in Fig. 6. The edge filters used in
the experiments are macrobending single-mode fiber
SMF28 filters [15] with bending diameters of 21 mm
and 50, 40, 30, and 20 turns (corresponding to
m ¼ 0:59, 0.44, 0.34, and 0:23 dB=nm), respectively.
Figure 6 shows that when the slope of the edge filter
is small (for example, filters with 20 and 30 turns), the
ratio responses of the system for both types of the optical signal are both very close to the transmission
response of the edge filter measured with OSA. However, when a tunable laser is used as an input optical
source, as the slope of the edge filter increases (40 and
50 turns), the deviation of the measured ratio from the
transmission response of the edge filter becomes significant, especially at longer wavelengths. On the
other hand, the ratios measured for the FBG signals
are matched well with the transmission response of
the edge filter measured by an OSA. This can be explained as follows: although the tunable laser signal
has a very high SNR (56 dB), its −3 dB bandwidth is
only 0:05 nm, which means that the contribution to
the detected power of the signal [corresponding to
A–AN s =P in Eq. (7)] is small compared to the contribution of the noise [corresponding to BN s =P in Eq.
(7)], especially at longer wavelengths; reflected
signals from FBGs have a larger −3 dB bandwidth
of 0:4–0:8 nm but a lower SNR compared to that of
the tunable laser—this makes the value of A–AN s =
P much greater than BN s =P, even at longer wavelengths. As analyzed above, the larger the bandwidth,
the greater the value of A–AN s =P compared to BN s =P,
 0 Þ, and
the smaller the deviations of Rðλ0 Þ from Tðλ
thus the higher the slope Sðλ0 Þ.
5. Conclusions

The bandwidth of an input optical signal influences
significantly the resolution of a RWM system. In this
paper, a theoretical analysis and numerical simulations of the influence of the optical signal bandwidth
on the resolution of a ratiometric system are provided, supported by experimental verification. The
conclusions are as follows: (i) if the noise of the photodiodes can be neglected and the SNR of the optical
signal whose wavelength is being measured is high
enough to be considered as infinite, the bandwidth
of the input optical signal has no influence on the ratio slope Sðλ0 Þ of the ratiometric measurement system, which in this case is identical to the slope of
the edge filter used. Therefore, the resolution of the
ratiometric system is defined by the slope of the edge
filter. (ii) If the noise of either the photodiodes or the
input optical signal is significant, the higher the value of the optical signal bandwidth, the higher the
ratio slope Sðλ0 Þ, and, therefore, the higher the measurement resolution.

In real-world wavelength measurement applications where optical signals have limited SNR, frequently the bandwidth of the input optical signal
is unknown, leading to degradation of the resolution
and accuracy of the wavelength measurements,
when a RWM system is used However, in some situations, such as for the interrogation of FBG optical
sensors, measurement resolution can be improved
with RWM if both the SNR and bandwidth of the input optical signal are well known, because it is then
possible to customize the RWM system to achieve
better resolution and accuracy.
The authors acknowledge the support of Science
Foundation Ireland under grant 07/SK/I1200.
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